Analyses of embryonic aneurogenic muscles indicate that several processes associated with early myogenesis in vivo proceed in the absence of peripheral nerves. However, aneurogenic muscles demonstrate impaired growth and limited survival. To investigate whether neurally mediated activity is responsible for these phenomena, aneurogenic muscles of the chick embryo were directly stimulated in vivo via implanted electrodes. Volumetric analyses of stimulated aneurogenic brachial (latissimus dorsi) muscles from Stage (St) 33 (7.5 to 8 days) through St 37 (11 days) demonstrated that growth was enhanced significantly beyond the level characteristic of unstimulated aneurogenic muscles. Moreover, for the majority of embryos, the stimulation regimen actually rescued the posterior latissimus dorsi muscle which characteristically does not survive beyond St 32 (7.5 days) in the aneurogenic state. Thus, our results implicate activity per se as an important factor necessary for the proper growth and survival of brachial muscles during early embryogenesis.
The earliest period for detection of myosin ATPase activity in the brachial musculature of chick embryos is during the fourth day in ovo; by the end of the first week of embryogenesis, differentiation of distinct muscle fiber types has occurred (Butler and Cosmos, 1981a, b) . Experiments designed to determine the role of neurally mediated influences on this event demonstrate that fiber type differentiation proceeds on schedule in aneurogenic brachial muscles, i.e., muscles which never experienced direct contact with peripheral nerves (Butler et al., 1980 (Butler et al., ,1982a . Using a different aneurogenic model, the superior oblique muscle of the duck embryo, Sohal and colleagues have shown that several other important events of early myogenesis also occur independent of nerves, namely, the differentiation of acetylcholine receptors (Creazzo and Sohal, 1983) and high molecular weight acetylcholinesterase, as well as the formation of postsynaptic folds and basal lamina (Sohal and Wrenn, 1984) . Even though, in vivo, many events associated with the incipient differentiation of embryonic muscles proceed in the absence of neuronal influences, embryonic aneurogenic muscles do exhibit impaired growth rates and, ultimately, limited survival in the chick (Butler et al., 1982a) , salamander (Tweedle et al., 1974; Popiela, 1976 Popiela, , 1977 , and duck (Sohal and Holt, 1980; Creazzo and Sohal, 1983) .
Postembryonic studies concerned with the role of neurons on the growth and maintenance of muscles identify two major mechanisms for investigation, namely, neurally evoked activity of the muscle and neurotrophic influences (for reviews, see Close, 1972; Jolesz and Sreter, 1981; McArdle, 1983) . Experiments designed to study these factors in postembryonic animals have been concerned primarily with an alteration of pre-established phenotypes of muscles which have already experienced functional contacts with their own appropriate nerves. In contrast, the aneurogenic embryonic model, first introduced in 1927 by Hamburger, affords the unique opportunity to assess the effect of one specific nerve-associated function on a muscle which has never experienced contact with peripheral motor nerves. Using this model, we chose to investigate the role of activity on the growth and survival of embryonic muscles.
To investigate the effect of experimentally applied electrical stimulation on the growth and survival of aneurogenic brachial muscles, the appropriate segment of the neural tube was deleted at day 2 in ovo, prior to the outgrowth of nerves, and the muscles were then chronically stimulated via surgically implanted electrodes. Our results indicate that, in the absence of peripheral nerve contacts, direct electrical stimulation alone served to enhance significantly the growth and survival of aneurogenic muscles during early stages of myogenesis. Furthermore, their myosin ATPase profiles remained unaltered. A preliminary report of these experiments has been presented (Bloom et al., 1983 (1951) . For the majority of embryos, the neural tube opposite somites 13 to 23 inclusive was removed at Stage (St) 13 (48 to 52 hr; 19 pairs of formed somites), as previously described (Butler et al., 1982a) ; however, a few embryos were at St 12 (45 to 49 hr; 16 pairs of formed somites) or St 14 (50 to 53 hr; 22 pairs of formed somites) at the time of surgery.
Since the entire brachial neural tube segment was deleted prior to both the outgrowth of ventral root fibers (Castro, 1963; Butler et al., 1982a) and the formation of dorsal root ganglia (Romanoff, 1960) , myogenic cells which would eventually contribute to the formation of the brachial musculature were rendered aneurogenic;
i.e., they never experienced innervation. Following surgery, the eggs were resealed with cellophane tape and returned to the incubator.
In total, 238 neural tube removals were performed for the present study with a postoperative mortality rate of 46%. For the present experiments the term "aneurogenic embryo" refers to embryos subjected to deletion of the brachial segment only, not the entire neural tube.
Electrode implantation.
On day 6 of incubation, the shell windows were enlarged and the embryos were examined. in the carpal region of the right forewing. To achieve placement of the second electrode, it was first inserted into the brachial region ventrally, posterior to the right axilla, and passed dorsally between the scapula and the rib cage to emerge finally at the dorsal midline just anterior to the wings (Fig. 1) . After impalement, the electrode tips protruding beyond the embryo were bent to prevent displacement of the electrodes and their wires were fixed to the eggshell with dental wax. The shell window was then sealed with a glass coverslip to permit subsequent observation of the embryo. Finally, microconnectors were soldered to the electrode wires and the eggs were returned to the incubator before final connections were made to the stimulator.
The entire procedure for the preparation and impalement of the embryos lasted approximately 15 min. Even though care was taken to avoid damage to the embryo, especially its blood vessels, the post-impalement mortality rate was 65%, i.e., 37 of the 57 embryos subjected to this procedure did not survive. 
Control embryos
Embryos subjected to deletion of the brachial neural tube but not impaled with electrodes served as primary controls for the stimulated aneurogenic embryos. These unstimulated aneurogenic embryos were drawn from two sources: those reported in an earlier study (Butler et al., 1982a) and those produced specifically for the present study. Since analyses of these two groups gave similar results, they were treated as a single pool of embryos and formed the base line for comparison of the effects of stimulation on aneurogenic muscles. Furthermore, data from both the stimulated (n = 17) and unstimulated (n = 18) aneurogenie preparations were compared to those of unoperated (innervated) (n = 20) embryos.
Histochemical and volumetric analyses
Stimulation protocol by a silver-cholinesterase reaction to verify the aneurogenic status of the brachial muscles, i.e., the complete absence of nerves (Butler et al., 1982a) , and by the myosin ATPase reaction, following alkali and acid preincubation, to determine muscle fiber types, as described previously (Butler and Cosmos, 1981a, b (Butler et al., 1982a) .
Results

General observations
Seventeen of the 57 embryos subjected to both deletion of the brachial neural tube at day 2 in ouo and electrical stimula-416 Bloom et al. Vol. 5, No. 2, Feb. 1985 tion via implanted electrodes survived for analysis. These stimulated embryos, ranging in age from St 33 (7.5 to 8 days) through St 37 (11 days), were normal in size and general appearance except for the indentation in the spinal region where the brachial neural tube had been extirpated.
Thus, neither the neural tube deletion nor the presence of electrode wires in the right shoulder and wing affected the general morphology of the forelimbs compared to that of unoperated embryos (Fig. 2) .
To determine the effect of direct stimulation on the growth of aneurogenic muscles, the aneurogenic status of the brachial muscles had to be verified. Therefore, each of the 17 stimulated embryos were completely sectioned, and the presence or absence of nerves in the brachial musculature was assessed with the silver-cholinesterase histochemical reaction. Microscopic analyses determined that 14 of the 17 experimental embryos were indeed aneurogenic, and these were subjected to quantitative volumetric and muscle fiber type analysis. The silvercholinesterase reaction identified the presence of intramuscular axons in the three rejected embryos as well as the presence of fragments containing neuronal cell bodies within the area of neural tube deletion.
Volumetric analyses Anterior latissimus dorsi muscle. To quantify the effect of chronic direct stimulation on the growth of aneurogenic brachial muscles, the total volumes (pm3 x 106) of the ALD and PLD muscles were determined using a computerized Image Analysis System (Zeiss). These muscles were selected since our previous examination of aneurogenic embryos indicated that the latissimus dorsi muscles were especially sensitive to deprivation of motor innervation.
Among the four muscles derived from the latissimus dorsi primordia, namely, the ALD, PLD, dorsocutaneous latissimus dorsi (DLD), and metapatagial latissimus dorsi (MLD), only the ALD muscle survived in the aneurogenic state beyond St 32 (7.5 days) (Butler et al., 1982a) . Figure 3 compares total muscle volumes of innervated ALD muscles to those of unstimulated aneurogenic and stimulated aneurogenic ALD muscles. Values for innervated (unoperated, n = 40) and unstimulated aneurogenic (n = 29) ALD muscles represent the mean value + SEM from embryos between St 30 (6.5 days) and St 37 (11 days), whereas the data for stimulated aneurogenic ALD muscles are plotted as individual values. As discussed below, the unstimulated aneurogenic values were obtained exclusively from embryos subjected only to the removal of the brachial neural tube. Eleven of the 14 stimulated aneurogenic ALD muscles analyzed demonstrated markedly enhanced growth compared to unstimulated aneurogenic ALD muscles. As indicated in Figure 3 , externally applied electrical stimulation not only initially increased the limited, endogenous capacity for the growth characteristic of unstimulated aneurogenie ALD muscles, but it also promoted growth throughout the entire period analyzed. Furthermore, microscopic analysis demonstrated that the stimulated aneurogenic ALD muscles were well formed, compact muscles.
To explain the variability among the individual values for stimulated aneurogenic ALD muscles, especially the three values in Figure 3 which fall close to unstimulated aneural values, certain factors may be considered. First, although after implantation the electrode tips were bent and the electrode wires secured to the egg with dental wax, conceivably some displacement of the electrodes during the period of stimulation could occur as a result of vigorous total body movements characteristic of young embryos. In fact, the St 36 (lo-day) value of 44 pm3 x lo6 (Fig. 3) was obtained from an embryo whose electrodes were observed to be positioned superficially when the stimulation regimen was terminated. Second, the relationship of the electrodes to various muscle groups could change as the wings grow. Third, it was not technically feasible to detect whether specific individual muscles were being either uniformly or effectively activated in each individual preparation.
Despite the variable effect among individual embryos, the ability of direct electrical stimulation to promote growth of the aneurogenic ALD muscle is evident. Indeed, the positive response of aneurogenic ALD muscles to stimulation extended to the contralateral side in some experimental embryos. As indicated, values from the contralateral (left) side of the stimulated aneurogenic preparations
were not included in Figure 3 since a comparison of these values with data derived from unstimulated aneurogenic embryos indicated that the field of electrical current had apparently spread to the left side in some preparations. At St 35 (8 to 9 days), the left aneurogenic ALD muscle of two of six stimulated embryos was affected, their total muscle volumes were &fold greater than aneurogenic values. Likewise, at St 36 (10 days), growth of the left aneurogenic ALD muscle of two of four experimental embryos increased approximately l-to 2-fold.
Posterior latissimus dorsi muscle. The positive influence of electrical stimulation on the aneurogenic PLD muscle is especially striking. Characteristically, the PLD muscle of unstim- ulated aneurogenic embryos fails to survive beyond St 32 (7.5 days) (Fig. 4) . In contrast, direct chronic stimulation of the aneurogenic right wing from day 6 in ouo onward extended the survival of the aneurogenic PLD muscle. The right PLD muscle was rescued in 9 of the 14 stimulated aneurogenic embryos analyzed between St 33 (7.5 to 8 days) and St 37 (11 days). The contralateral aneurogenic PLD muscle was absent. Furthermore, significant growth of the rescued PLD muscle was observed in all preparations but one (Fig. 4) . In addition to the PLD muscle, histochemical analyses indicated that the stimulation regimen also rescued the right DLD and MLD muscles. Similar to the PLD muscle, these two muscles also do not survive beyond St 32 (7.5 days) in the absence of peripheral motor nerves.
Fiber type analyses
Although previously we had demonstrated that differentiation of muscle fiber types, a process which normally begins during the first week of development in ouo (Butler and Cosmos, 1981a, b) , is independent of neuronal influences, the possibility existed that experimentally applied electrical stimulation might alter this expression. The myosin ATPase profiles characteristic of aneurogenic and stimulated aneurogenic ALD and PLD muscles at St 35 (8 to 9 days) are presented in Figure 5 , a and b, and the stimulated aneurogenic muscles at St 37 (11 days) are represented in Figure 5c . All muscles demonstrate appropriate alkali-stable myosin ATPase reactions. Whereas the right PLD muscle is absent in the aneurogenic, unstimulated preparations (Fig. 5a) , it is present and exhibits strong alkali stability in the aneurogenic but stimulated embryos (Fig. 5, b  and c) . Note also in Figure 5c the presence of the right DLD muscle which, similar to the aneurogenic PLD muscle, was The stimulated muscles also exhibit appropriate acid-stable myosin ATPase activity (Fig.  6) . A comparison of Figure 6a with its serial section in Figure  5b indicates that the ALD muscles are both alkali and acid stable. Likewise, both the ALD and DLD muscles of the St 37 (11-day) preparation exhibit this dual stability. As noted previously (Toutant et al., 1979; Butler and Cosmos, 198lb) , within the unoperated PLD muscle from approximately St 37 (11 days) onwards, a distinct population of fibers appears that is both acid and alkali stable. The origin of these "atypical" PLD fibers, which initially increase numerically through St 41 (15 days) and then decrease, remains unknown. Although previously we were unable to determine whether the expression of this subpopulation of PLD fibers was dependent upon innervation since the aneurogenic PLD muscle did not survive beyond St 32 (7.5 days), we can now state that an intact nerve is not necessary for their appearance. At St 37 (11 days), the presence of these "atypical" PLD fibers is clearly evident within the stimulated aneurogenic PLD muscle (Fig. 6b) ; however, even at St 35 (8 to 9 days), a few fibers within the stimulated aneurogenic PLD muscle are beginning to demonstrate a faint acid-stable reaction (Fig. 6a) .
Since innervated (unoperated) ALD, PLD, and DLD muscles at the same stages demonstrate similar profiles (Butler and Cosmos, 1981b; Butler et al., 1982a) , the stimulation protocol which functioned to rescue the aneurogenic PLD muscle and to enhance growth of the aneurogenic ALD muscle did not alter myosin ATPase profiles. The presence of the scapula in all Bloom et al. Vol. 5, No. 2, Feb. 1985 Figure 6. Photomicrographs of sections through the brachial region of St 35 (8 to 9 days) (a) and St 37 (11 days) (b) stimulated aneurogenic muscles to demonstrate acid-stable myosin ATPase activity. A comparison of a with its serial section in Figure 5b illustrates the dual acidand alkali-stable myosin ATPase profile of the ALD muscle and the beginning of a few "atypical" PLD fibers, i.e., fibers with both acid and alkali stability. b, which is a slightly more dorsal section of the same embryo presented in Figure 5c , demonstrates the presence of the right ALD, DLD, and PLD muscles. Both the ALD and rescued DLD muscles exhibit dual acid and alkali stability (cf. b and Fig. 5~ ); at this stage the "atypical" fibers within the PLD muscle are prominent. A similar profile characterizes innervated PLD muscles at this stage in ouo. S, scapula. Magnification, a: X 64; b: X 40.
preparations indicates that deletion of the brachial neural tube at day 2 in ouo did not interfere with its formation. Indeed, this operative procedure also did not prevent the formation of the vertebrae as well as the coracoid, humerus, radius, and ulna bones.
In addition to the unaltered profiles of the ALD, PLD, and DLD muscles, histochemical analyses indicated that the profiles of all stimulated aneurogenic brachial muscles derived from the primary dorsal and ventral muscle masses were similar to those of unstimulated aneurogenic and unoperated (innervated) embryos (see Table 1 in Butler et al., 1982a) . the growth of aneurogenic muscles and, indeed, rescued specific muscles which do not survive in the absence of neuronal influences. Chronic electrical stimulation via implanted electrodes was initiated at day 6 in ouo, the period when motility is first observed in innervated wings (for review, see Oppenheim, 1982; Cauwenbergs et al., 1983) and continued for periods ranging from 2 to 5 days. Volumetric analyses demonstrated that this stimulation regimen significantly enhanced growth of both the aneurogenic ALD and PLD muscles beyond levels characteristic of unstimulated aneurogenic muscles. This potent ability of activity to promote growth of embryonic muscles is emphasized if one considers that the aneurogenic ALD muscle was 50% smaller and the aneurogenic PLD muscle was 80% smaller than their innervated counterparts when stimulation was initiated. The positive response of the aneurogenic PLD muscle to stimulation was especially striking since this muscle does not survive beyond St 32 (7.5 day) in the absence of innervation. In fact, of the four muscles derived from the latissimus dorsi primordium, only the aneurogenic ALD muscle survived beyond this critical period. Following direct stimulation, the aneurogenie PLD, DLD, and MLD muscles all survived in the majority of embryos analyzed.
Our results that direct chronic electrical stimulation enhanced growth and survival of aneurogenic muscles implicate activity per se as an important growth-promoting influence during early myogenesis. First, activity alone was imposed upon embryonic myogenic cells denied both neurally mediated trophic and activity factors. Thus, we were able to monitor the effect of stimulation in the absence of trophic influences. Second, the stimulation regimen, initiated at day 6 in ouo, was effective prior to the period when neuromuscular junctions are established in the ALD and PLD (Atsumi, 1977) and other brachial (for review, see Bennett, 1983 ) muscles of unoperated embryos. Previously, experiments designed to investigate the role of neurally evoked activity on the growth of embryonic muscle focused either on the administration of pharmacological pre-and postsynaptic blocking agents (a-bungarotoxin, botulinum toxin, curare) during development early in ouo (Freeman et al., 1976; Laing, 1982; Bloom et al., 1983; McLennan, 1983) or on a comparison of surgically versus chemically denervated muscles (Bonner, 1978 (Bonner, , 1980 Sohal and Holt, 1980; Harris, 1981; Creazzo and Sohal, 1983) . The majority of these investigators concluded that growth of paralyzed embryonic muscles is more severely impaired during later stages of development. In fact, Harris (1981) and McLennan (1983) have indicated that impaired growth of paralyzed muscles is due primarily to the failure of secondary myotubes to form. To our knowledge, only the studies of Laing (1982) , which blocked activity with a-bungarotoxin, and Bonner (1978 Bonner ( , 1980 , which used a combined in Go-in vitro analysis of clonable myoblasts after spinal cord cauterization or curarization, have demonstrated that the lack of neurally mediated muscle activity severely affects muscle growth during early stages of myogenesis. Their results are in agreement with the present observations that, prior to the formation of morphologically identified neuromuscular junctions, activity is an important growth-promoting influence. Unaltered myosin ATPase profiles. Comparative histochemical analyses demonstrated that direct stimulation of aneurogenie brachial muscles did not alter myosin ATPase profiles. The specific profiles of individual brachial muscles were similar among stimulated aneurogenic, unstimulated aneurogenic, and innervated embryos at all periods analyzed, i.e., St 33 (7.5 to 8 days) to St 37 (11 days). These results contrast sharply with the abundant evidence that, during the postembryonic period, altered neural activity, achieved via direct or indirect electrical stimulation of intact or denervated muscles, alters the histochemical, biochemical, and physiological properties of muscles (Heilmann and Pette, 1980; L0mo et al., 1980; for review, see Jolesz and Sreter, 1981; Klug et al., 1983) . Thus, the ability of neural impulse activity to influence these muscle phenotypes may be acquired only after the formation of neuromuscular junctions. Evidence for this statement is derived from experiments whereby chronic spinal cord stimulation of intact chick embryos was performed between 10 and 15 days in ouo, after neuromuscular junctions have been morphologically observed (Atsumi, 1977) . Under these stimulation conditions, PLD muscles examined during the last week of embryogenesis exhibited altered phenotypes (Renaud et al., 1978; 1983; Toutant et al., 1979,198O) .
Our previous analyses of unstimulated aneurogenic brachial muscles (Butler et al., 1982a ) and our present investigation of stimulated aneurogenic muscles both demonstrate that the initial differentiation of specific muscle fiber types occurs independently of neuronal factors. Furthermore, the myosin ATPase profiles of embryonic avian brachial muscles innervated by foreign lumbosacral (Khaskiye et al., 1980; Laing and Lamb, 1983) or thoracic (Butler et al., 1982b; Cauwenbergs et al., 1983) nerves also remain unaltered.
Comments. Analysis of embryos subjected to deletion of appropriate segments of the neural tube reveal the extensive capacity of limbs for self-determination, as first demonstrated by Hamburger (1927) . Although aneurogenic muscles of such embryos form initially, they fail to grow properly and, ultimately, to survive. In the present experiments, we have demonstrated that electrical stimulation of these aneurogenic muscles enhanced both their growth and survival, thus identifying activity as an important growth-promoting factor during early myogenesis. The mechanism whereby activity influences the growth and survival of aneurogenic muscles at the cellular and subcellular levels of analysis and the effect of other factors, such as neurotrophism (Oh and Markelonis, 1982) , on aneurogenie muscle, remain to be elucidated.
